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Abstract 
In order to make cities more resilient, our urban environment should not only consume energy, it should also become energy 
producing. Flat roofs are highly suitable for the placement of PV systems to produce renewable energy, but the assessment of its 
exact energy potential is not straightforward.  Important configurations parameters of PV systems are the inclination and row 
distance, both leading to mutual shading. This study examined the technical and economic consequences of mutual shading of PV 
systems.  In the first part, a comparison is performed between an unshaded module and a shaded module with different row 
distances and inclinations; in the second part, the energy output as well as payback times of a PV system on a flat roof were 
simulated. A significant decrease in energy production was seen due to mutual shading, while the configuration to achieve the 
maximum energy output was at an inclination of 0° and a row distance of 0 metres. Payback calculations showed that, when 
electricity prices rise in the future, more options concerning inclination and row distance became feasible.   
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1. Introduction 
Cities are home to more than half of the world population [1] and consume the majority of total global energy [2]. 
Smart planning of new urban districts will help cities to reach their goals of both energy reduction and local energy 
production; in such a way that they could become more self-reliant [3]. Roofs are the most important part of the 
building envelope to transform valuable solar irradiation to renewable energy, but calculating the solar potential 
assessment of roofs is not always straightforward. Placing PV modules on a flat roof always ask for a strategy; are 
panels to be placed in such a way that, together, they will generate as much energy as possible annually, or in such a 
way that they receive the highest irradiation level per solar panel? Mutual shading between the PV modules will result 
in lower outputs than when modules are unobstructed. Even though mutual shading is a well-known effect, there are 
hardly any programs taking into account the effect of mutual shading on the output of a PV system [4].  
 
Effects of mutual shading has been recognised as an important parameter in several studies [4-7], although its effect 
was often estimated rather than calculated. The effect was sometimes assumed to be 15% over the year [6] or it was 
simply stated that ‘shading is one of the major loss mechanisms in photovoltaic energy production’ [4] without further 
quantification. Mutual shading depends on the shading of objects in the vicinity, but its effect also depends on the 
layout of both the modules and the system; e.g. the placement of bypasss diodes and serial / parallel connection.  
 
The goal of this study is to explore the effect of different parameters on the total solar potential of PV modules 
installed on a flat roof.  
 
2. Method 
The parametric study was performed using the simulation program DIVA-for-Rhino [8]. This is a Radiance based 
Building Performance Simulation program embedded in the CAAD program Rhinoceros and using the 
GenCumulativeSky sky model [9].  
 
A common type of solar modules was taken as reference, having 3 strings of 20 cells with bypass diodes, like 
common solar modules sold on the market [10] (Figure 1). In this study, it was assumed that the cell with the lowest 
solar irradiation determines the output of the whole string; e.g. the lowest irradiation was in the middle of the panel, as 
is shown in the hatched cells in Figure 1. That means in this case that the total output of the module was calculated as:  
 
 
 
 
 
 
 
 
The 1st, 3rd and 5th row always returned the lowest values due to the mutual shading. Later, the output of the modules 
was divided by the area of the module. When calculating the output of the module, the temperature effects of the cells 
were omitted. It was assumed that by comparing relative differences between shaded and unshaded panels, 
temperature differences would be almost similar. In reality, there will be a temperature difference due to shading 
mostly in winter. No other system losses were taken into account.  
  
In DIVA-for-Rhino, two identical rows of PV panels were constructed and simulated. One row consisted of five 
panels and dimensions of the modules were 1m * 1.666m (Figure 1).  
 
the lowest irradiation level of the 1st row x area of the 1st and 2nd row 
+ 
the lowest irradiation level of the 3rd row x area of the 3rd and 4th row 
+  
the lowest irradiation level of the 5th row x area of the 5th  and 6th row 
x efficiency of the cell (15%)  
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Figure 1. Layout of the two simulated rows, layout of panels / strings 
The middle module of the first row always served as the reference module; the middle module of the second row 
served as the analysed module. In this way, the effect of mutual shading could be quantified. By taking the middle row 
out of a row of five modules, side effects were considered to be absent.  
 
The following parameters were studied:  
 
x Distance between rows d (0.5; 1; 1.5; 2; 2.5m) 
x Inclination α (0°, 15°, 30°, 45°, 60°, 75°, 90°) 
x Location (Lund, Sweden (55°42′N 13°12′E); and Miami, USA (25°47′N 80°13′W))  
 
These parameters were considered to have a considerable effect on the mutual shading, as well as they determine the 
final size of the whole system; an important issue for financial calculations. Note that the combination inclination 90°, 
row distance 0m is not possible and therefore not mentioned in the results.  
 
The results of the simulations of the reference and shaded modules in Lund and Miami affect the system design. In the 
second part of this study, a rooftop, 1 metre * 100 metres was taken to understand the consequences of the simulations 
(Figure 2). The rooftop is facing south.  
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Figure 2. The rooftop 
In the rooftop simulations, the same parameters ‘Distance between rows d (0.5; 1; 1.5; 2; 2.5m)’ and ‘Inclination α 
(0°, 15°, 30°, 45°, 60°, 75°, 90°)’ were varied. For every option, the first row was always unshaded, the rest of the 
rows were partially shaded. The total area of modules is shown in Table 1.  
Table 1. Total area of modules (m2)  
  0m 0.5m 1m 1.5m 2m 2.5m 
0° 100 67 50 40 34 29 
15° 103 68 51 41 34 29 
30° 116 73 54 42 35 30 
45° 141 83 59 45 37 31 
60° 200 100 67 50 40 34 
75° 386 133 80 57 45 37 
90° x 200 100 67 50 40 
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3. Results 
3.1 Lund 
Results of the annual output of a 1 m2 module in Lund are shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Output of the reference module and the shaded module in Lund. 
Figure 3 shows that the maximum output of the reference module is at an inclination between 30° and 45°. Table 2 
gives the output of the shaded panels in relation to the maximum output. When the inclination of the rows is 0°, the 
effect of mutual shading is absent. When the row distance is 0 metres, the effect of mutual shading is the largest; when 
rows are placed further away, the impact of mutual shading became less.  
Table 2. Relative output compared to maximum output, Lund 
  
Reference 
module Shaded module 
0m 0.5m 1m 1.5m 2m 2.5m 
0° 85% 85% 85% 85% 85% 85% 85% 
15° 96% 69% 90% 92% 93% 93% 94% 
30° 100% 59% 85% 92% 95% 96% 97% 
45° 100% 43% 72% 84% 89% 92% 93% 
60° 93% 26% 55% 71% 78% 82% 85% 
75° 83% 9% 38% 55% 64% 69% 71% 
90° 68% x 21% 39% 47% 53% 56% 
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3.2 Miami 
The results of the simulations of Miami are shown in Figure 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Output of the reference module and the shaded module in Miami. 
The reference module in Miami has a maximum output at 30°.  In Table 3, the relative output is shown in relation to 
the maximum output. The effect of mutual shading caused by a short row distance was not so significant at low 
inclinations, which is caused by the high solar position in Miami.  
Table 3. Relative output compared to max output, Miami 
  
Reference module Shaded module 
0m 0.5m 1m 1.5m 2m 2.5m 
0° 93% 93% 93% 93% 93% 93% 93% 
15° 100% 80% 97% 98% 99% 99% 99% 
30° 100% 68% 91% 96% 97% 98% 98% 
45° 94% 50% 76% 87% 89% 90% 91% 
60° 83% 33% 59% 72% 76% 78% 79% 
75° 68% 12% 39% 53% 59% 62% 63% 
90° 50% x 21% 40% 40% 43% 45% 
 
Comparing the results of Lund and Miami, it is visible that the effect of mutual shading is less in Miami than in Lund. 
Mostly, this is due to the difference in solar altitude at the two places; in Lund, the altitude of the sun ranges from 11° 
(Jan) to 58° (July), in Miami, the altitude of the sun ranges from 41° (Jan) to 87° (July). Furthermore, it might also be 
that the ratio between direct and diffuse radiation is having an impact on the results, although Table 4 shows that only 
in winter months there is a significant difference in the two places.  
 
Table 4. Diffuse / Global radiation values for Lund and Miami [11, 12] 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Miami 0.41 0.40 0.42 0.41 0.47 0.54 0.52 0.52 0.52 0.48 0.45 0.42 0.47 
Lund 0.73 0.69 0.52 0.43 0.45 0.46 0.52 0.50 0.52 0.58 0.68 0.78 0.50 
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3.3 The rooftop  
3.3.1 Energy output 
The simulations described in section 3.1 and 3.2 have provided important information when designing a system, 
especially for the parameters inclination and row distance. On their turn, these parameters affect the amount of rows 
which fit on a roof surface.  
 
The output of the whole system was calculated by: output of 1 unshaded row + output of n shaded rows (n is 
dependent on how many row fit on the rooftop). Table 1 shows an overview of the total area of the system at different 
parameters. The output of the whole system is shown Table 5, with the highest output highlighted (highest output of 
the system = 1).  
 
Table 5. Relative output of the whole system:  
 Lund 0 0.5 1 1.5 2 2.5  Miami 0 0.5 1 1.5 2 2.5 
0° 1.00 0.67 0.50 0.40 0.34 0.29 0° 1.00 0.67 0.50 0.40 0.34 0.29 
15° 0.83 0.71 0.55 0.45 0.37 0.32 15° 0.88 0.70 0.53 0.43 0.36 0.31 
30° 0.80 0.72 0.58 0.46 0.39 0.34 30° 0.84 0.71 0.55 0.43 0.36 0.31 
45° 0.71 0.70 0.58 0.47 0.40 0.34 45° 0.76 0.68 0.54 0.43 0.36 0.30 
60° 0.62 0.65 0.56 0.46 0.38 0.34 60° 0.71 0.63 0.51 0.41 0.33 0.29 
75° 0.41 0.59 0.52 0.43 0.36 0.31 75° 0.48 0.56 0.45 0.36 0.29 0.25 
90° x 0.50 0.45 0.37 0.31 0.26 90° x 0.45 0.43 0.29 0.23 0.19 
 
In both Lund and Miami, it is most favourable to place the PV modules with a 0° inclination, 0 metres row distance. 
Even though a 0° inclination decreases the yearly output with 15% (Lund) and 7% (Miami) compared to the optimal 
inclination, the fact that rows do not get shaded (i.e the effect of mutual shading is 0) play a very beneficial role. When 
row distances gets bigger, it can be noticed that the most favourable inclination is the optimal inclination in both cases 
(30-45° in Lund, 30° in Miami). When running solar irradiation analyses on city level, the solar potential of flat roofs 
is often calculated by multiplying the surface area with the irradiation level of this area. This is however only partly 
right; it is only valid when the row distance could be 0. With a row distance of 0.5, the total output of the system 
decreased by (28% in Lund and 30% in Miami in comparison to 0° inclination, 0 metres row distance).  
 
The energy output of large PV systems is not the only important aspect to evaluate; investors are interested in both the 
investment costs and payback times. As can be seen in Table 4 and Table 1, configurations with a short row distance 
(or 0) return more kWh but require more module area (and thus higher investment costs). A calculation of the payback 
time will take both aspects –value for the produced energy and investment costs- into account. A system design with a 
short payback time often does not lead to a setup where the maximum energy output of the system can be reached.  
3.3.2 Costs and revenues of the system 
Costs of PV system depend on the application (residential, commercial, and utility) and on the system size. Figure 5 
shows the prices of installed PV system [13]. The economy-of-scale effect is clearly visible (all four lines are a 
logarithmic function). In this study, the costs of PV system was calculated by taking into account the size of the 
system, as well as well as its application (commercial).  
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Figure 5. Residential, commercial, and utility scale PV system prices (installed) [13] 
A large scale PV system is most likely to feed-in its electricity output to the grid. Medium-scale systems, for instance 
on apartment blocks, are most likely to feed-in partly to the building, partly to the grid. An overview of some of the 
electricity prices in Europe (highest in Denmark, lowest in Estonia) and USA [14] (Table 6) is needed to calculate the 
annual revenues and the payback time. By using annual net-metering (a system that allows customers with PV systems 
to reduce their electric bills by offsetting their consumption with PV generation, independent of the timing of the 
generation relative to consumption [15]), it is easy to quantify the amount of saved energy in money. In the case of 
selling all electricity to the grid, an overview of current feed-in tariffs is provided in Table 6 [16].Note that it was 
assumed that no interest had to be paid on the investment costs of the system. 
Table 6. Electricity prices in Europe and USA  (left), Feed-in-tariffs (right)  (Euro / kWh) [14, 16] 
Country 
Euro per kWh 
Electricity 
 Country Feed-in-tariff per kWh 
Estonia 0.10 
 Austria 5 kW-20 kW = €0.39 
>20kW = €0.3388 
United States 0.10  Denmark €0.0831 /kWh 
Sweden 0.20  Germany 0-10kWp = €0.20 
Denmark 0.30   10-40kWp = €0.19 
 
To find the optimal design for a PV system in Lund, Table 7 provides an overview of the payback times of the rooftop 
system with different parameters.   
Table 7. Payback times of system in Lund 
Payback time (yrs) by price 1 kWh=0.2 Euro Payback time (yrs) by price 1 kWh=0.5 Euro 
 Lund 0m 0.5m 1m 1.5m 2m 2.5m 
0° 16 16 16 16 16 16 
15° 20 15 15 15 15 15 
30° 23 16 15 15 14 14 
45° 31 19 16 15 15 15 
60° 50 24 19 18 17 16 
75° 144 35 24 21 20 19 
90°  x 63 35 29 26 25 
 
 Lund 0m 0.5m 1m 1.5m 2m 2.5m 
0° 6 6 6 6 6 6 
15° 8 6 6 6 6 6 
30° 9 6 6 6 6 6 
45° 12 8 7 6 6 6 
60° 20 10 8 7 7 7 
75° 57 14 10 9 8 8 
90°  x 25 14 12 10 10 
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When the electricity prices are at their current level in Lund (1 kWh = 0.2 Euro), the shortest payback time can be 
reached by putting rows at a distance bigger than 2 metres, inclination 30° . If the electricity price and / or feed-in 
tariff would get higher (1 kWh = 0.5 Euro), then multiple options are providing the same results. 
 
Because of its higher irradiation levels, Miami will be more favourable for installing PV systems than Lund. Table 8 
shows the payback times of a system with different parameters in Miami. Both with the current electricity price as 
well as with a higher price, it is most favourable to put the PV modules with a 15° inclination at a distance of at least 
0.5 metre from each other.  
Table 8. Payback time of system in Miami 
Payback time (yrs) by price 1 kWh=0.1 Euro Payback time (yrs) by price 1 kWh=0.5 Euro 
 Miami 0m 0.5m 1m 1.5m 2m 2.5m 
0° 18 18 18 18 18 18 
15° 21 17 17 17 17 17 
30° 24 18 18 18 18 18 
45° 33 22 19 19 19 19 
60° 50 28 23 22 22 22 
75° 138 42 32 29 28 27 
90°  x 78 41 42 39 38 
Miami  0m 0.5m 1m 1.5m 2m 2.5m 
0° 4 4 4 4 4 4 
15° 4 3 3 3 3 3 
30° 5 4 4 4 4 4 
45° 7 4 4 4 4 4 
60° 10 6 5 4 4 4 
75° 28 8 6 6 6 5 
90°  x 16 8 8 8 8 
4. Discussion 
When designing a solar system, the effects of mutual shading are not negligible. The issue however is that by 
increasing the row distance the effect of mutual shading is decreased and thus the production will increase, but it will 
also limit the number of rows that can be installed on a roof top. This leads to the question: what is more important; a 
short payback time or as much output as possible (or a balance between those two)? Electricity prices tend to increase 
over years; Table 7 and 8 show that when electricity prices go up, inclination and row distance become less important. 
In that sense, there is no longer a need to make a choice: those setups of the system that deliver a high output also have 
become feasible. Results also showed that it would be most favourable to install the PV modules horizontally and a 
row distance of 0 metres, but a row distance of 0 metres is quite hard to achieve in reality, since a certain space to 
install and maintain the panels needs to be accounted for. 
 
A further development of this study is desirable. It would be useful to look at the monthly output of the whole 
system and to value the output differently for every month, since electricity prices in Sweden differ per month. Such a 
study might lead to a different setup (inclination and row distance) of the system. Furthermore, the development of a 
script in Grasshopper (the environment where Rhino is connected to DIVA-for-Rhino) might be useful to determine 
the best inclination and row distance of a specific roof. This would make it easier for architects to make decisions 
during the design process. 
 
 
5. Conclusion 
 
This study examined the technical and economic consequences of mutual shading of PV systems.  In the first part, a 
comparison is performed between an unshaded module and a shaded module with different row distances and 
inclinations.   Results show that row distance smaller than 1metre significantly reduces the output of a module. 
Modules placed with a higher row distances produce still less output than unshaded ones, but are less affected by 
mutual shading (less than 10%). The effect of mutual shading was more significant in Lund than in Miami, mostly due 
to higher sun altitudes all year round.  
 
In the second part of this study, the energy output as well as payback times of a PV system on a flat roof of 
1m*100m were simulated. Results have shown that the solar potential of a flat roof cannot simply be calculated by 
multiplying the roof area with the irradiation level on that flat roof, but that a conversion factor also needs to be taken 
into the equation.  This conversion factor (Table 5) is dependent on a) the inclination of the modules, b) the distance 
between the rows, and c) the location, and conversion factors range from 0.26-1. This conversion factor also implicitly 
takes into account the fact that a higher row distance increases the output of a single row, but decreases the amount of 
modules that can be placed on a roof. The most favourable configuration of the system is an inclination of 0° and a 
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row distance of 0 metres. On small roofs, it might be possible to work with a 0 metres row distance because all solar 
cells can be reached, on larger roofs, it might be needed to divide the roof in sections with a small row distance 
between the sections. Besides the energy output of a system, the payback time of the system on a flat roof was studied. 
The revenue of the produced electricity was calculated by either the amount of saved energy costs or the amount of 
money received for delivering electricity to the grid. With the current electricity prices in Europe and the US, shortest 
payback time are reached with a inclination of 15° in Miami and 30° in Lund. Increasing electricity throughout the 
years will however make it the parameters less sensitive, i.e. several set-up of the system (inclination and row 
distance) will return the same payback time. Making the right decisions concerning the inclination and row distances 
of big systems on flat roof are crucial and not always straightforward.  
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